6-1 / -Hydroxy-2' -oxopropyl 7,8-dihydropterin, which has been believed to be too labile to actually exist, was produced from sepiapterin (6-lactoyl 7,8-dihydropterin). It was formed by the isomerase activity of sepiapterin reductase, which was recen tly observed in the isomerization of 6-lactoyl 5,6,7 ,8-tetrahydropterin (15), an intermediate of tetrahydrobiopterin biosynthesis. This product from sepiapterin was detectable electrochemically at 500 mV and fluorometrically on HPLC analysis. The product was converted into 7,8-dihydrobioptcrin (6-1 ' ,2 / -dihydroxypropyl-7,8-dihydropterin) if it was further incubated with sepiapterin reductase and NADPH. The structure of the product was identified by lH-NMR analysis in 0 2 0. The pH optimum of the isomerization of sepiapterin was 8.6 and the UV-absorption spectrum of the product was quite similar to that of 7,8-dihydrobiopterin. The finding of isomerization of sepiapterin, besides that of 6-lactoyl tetrahydropterin. to the C2' -keto isomer strongly supports the real existence of isomerase activity in the sepiapterin reductase molecule.
Introduction
Besides 6-lactoyl 5,6,7,8-tetrahydropterin, sepiapterin (6-1actoyl-7,8-dihydropterin, Fig. 1 ) is also an possible precursor of tetrahydrobiopterin (6(R)-erythro-1' ,2' -dihydroxypropyl-5,6, 7 ,8-tetrahydropterin), an essential H-donor cofactor of aromatic amino acid hydroxylases (1) controling the formation of biogenic monoamines. Sepiapterin and 6-lactoyl tetrahydropterin are both catalyzed by sepiapterin reductase (EC 1.1.1.153) to 7,8-dihydrobiopterin (2, 3) and 5,6,7,8-tetrahydrobiopterin (4, 5) , respectively, and dihydrobiopterin can be converted into tetrahydrobiopterin by the function of dihydrofolate reductase (2, 6) . Sepiapterin reductase has been known as an NADPHoxidoreductase catalyzing the reduction of the keto group(s) of pterins (2, 3, 7, 8) and some other compounds (9, 10) to the hydroxyl group(s). So far, this enzyme is recognized to be responsible for the final step of the biosynthetic pathway of tetrahydrobiopterin in which 6-pyruvoyl tetrahydropterin (6-1 ' ,2'-dioxopropyl-5,6, 7 ,8-tetrahydropterin, Cl ' ,2' -diketo compound) is reduced with NADPH to tetrahydrobiopterin (11 -14) .
Pteridincs i Vo l. 1 . 1989 On the other hand, most recently, we found that sepiapterin reductase has another heretofore unrecognized activity, the catalysis of the isomerization of the 6-lactoyl (-CO-CHOH-CH3' C1'-keto compound) CJ( group to the 6-1 '-hydroxy-2'-oxopropyl (-CHOH-CO-CH3' C2' -keto compound) group of tetrahydropterins (15) . Both pterins were observed as the monoketo intermediates between pyruvoyl tetrahydropterin and tetrahydrobiopterin in the de novo systems of tetrahydrobiopterin biosynthesis (16, 17) . Since sepiapterin is a better substrate of sepiapterin reductase in the presence of NADPH than 6-lactoyl tetrahydropterin (12, 17, 18) , it is quite expected that sepiapterin is also isomerized by sepiapterin reductase in the absence of coenzyme and converted into 6-1 '-hydroxy-2' -oxopropyl-7 ,8-dihydropterin. This expected product, however, has been believed to be too labile to exist in practice. Thus it was supposed that the isomerization of sepiapterin might not arise or it might be impossible to observe the isomerization of sepiapterin if it occurs for the product would immediately return to sepiapterin. We have described herein evidences of the actual occurrence of isomerization of sepiapterin by sepiapterin reductase and identified the product of the isomerization.
Materials and Methods

Materials
Pteridines and other compounds were obtained as previously described (15) . Purified sepiapterin reductase was obtained from rat erythrocytes (8) .
Assay of sepiapterin
The amount of sepiapterin was determined photometrically at 420 nm using an extinction coefficient of 10.4 x 10 3 M -1 cm -1 (19) . Absorbance readings were made automatically with a double-beam spectrophotometer (Shimazu UV -240).
Assay of reductase activity of sepiapterin reductase
The activity was assayed in terms of the decrease in the amount of sepiapterin in the reaction mixture containing sepiapterin (50 IlM), NADPH (100 IlM), and the enzyme in 100 mM potassium phosphate buffer, pH 6.4 at 25 D C (7). One unit of the enzyme was defined as the amount that catalyzed the reduction of 1 Ilmol of sepiapterin with NADPH per min at pH 6.4 and 25°C (8) .
Assay of isomerase activity of sepiapterin reductase
Assay was basically performed in the reaction mixture previously reported for 6-1actoyl tetrahydropterin (15 
HPLC-analysis of pteridines
Oihydropterins and tetrahydropterins were detected with a fluorometer and amperometric electrochemical detector, respectively. Oihydropterins were analyzed on a Senshu ODS(511)-column (4.6 x 250 mm) by using a mobile phase (pH 5.22) containing acetate, citrate, EDTA, and dithioerythritol (20) . Tetrahydropterins were analyzed on a Whatman SCX-column (4.6 x 250 mm) with 0.1 M acetic acid containing 5% methanol (pH 3.8) (21) . The HPLC system consisted of the following: Spectra-Physics SP 8700 XR LC pump, Rheodyne 7125 manual injector, Yanako VMD-I01 electrochemical detector (500 mV for dihydropterins and 200 m V for tetrahydropterins (22», Atto 1311 fluorometer (EX340 -380/Em418 -700 for dihydropterins (23» , and Spectra Physics SP 4270 recording integrator.
lH-NMR-analysis of pteridines
Proton NMR spectra were obtained at 270.05 MHz with a JNM-GX 270FT NMR spectrometer (Jeol) with 3-trimethylsilylpropionic acid as the external reference in 0 2 0 at 25 nc (15) .
Results
HPLC-analysis of the novel compound produced from sepiapterin without coenzyme
Sepiapterin is converted into 7,8-dihydrobiopterin by sepiapterin reductase in the presence of NADPH (2, 3) . This reaction is determined by measuring the decrease in absorbance at 420 nm (absorbance maximum of sepiapterin). However, a significant decrease in absorbance at 420 nm was also measured if sepiapterin was incubated with a large amount of sepiapterin reductase at pH 8.6 even when no NAOPH was added. Quenching of sepiapterin, in this case, increased in proportion to the amount of enzyme added (Fig. 2) .
A novel colorless compound with a retention time different from that of sepiapterin or dihydrobiopterin was detected fluorometrically (Fig. 3-b ) when the reaction mixture containing 100 11M sepiapterin, 140 mU enzyme, and 50 mM Tris-HCI buffer (pH 8.6) ( Fig. 3 -a, before incubation) was applied to an ODScolumn after the incubation (10 min). Both the novel compound and sepiapterin seen in This showed that, besides sepiapterin, the novel compound was also reduced to dihydrobiopterin with NADPH by sepiapterin reductase. This compound, like general dihydropterins such as sepiapterin and dihydrobiopterin , was detected amperometrically at 500 m V (22) when it was applied to the colum using the same mobile phase as reported by Milstien and Kaufman (12) . Thus, the novel compound might be a dihydropterin.
The reaction mixture including the novel compound ( Fig. 3-b) was added with dihydrofolate reductase and NADPH after sepiapterin reductase in the mixture was removed through Millipore membrane (UFPl TOC BK). After another incubation, a significant amount of 6-1 f -hydroxy-2' -oxopropyl tetrahydropterin could be detected in the reaction mixture amperometrically at 200 m V on HPLC analysis (21, 22) . This indicated that the novel compound was 6-l ' -hydroxy-2' -oxopropyl 7,8-dihydropterin and that it was reduced by dihydrofolate reductase to the tetrahydroform.
I H-N M R-analysis of the novel compound
In order to confirm the side chain structure of the novel product, lH-NMR analysis in neutral aqueous buffer was also performed referring to the previous method for the isomerized product from 6-lactoyl tetrahydropterin (15) . Sepiapterin (1.2 mg) was incubated with 3.2 U of sepiapterin reductase in 20 mM Tris-HCI buffer in a final volume of 1 ml at pH 8.6 and 37°C for 3 h in the dark . The mixture was ly- (20) . 100 IlM Sepia pterin was incuba ted with 140 mU enzyme in 50 mM Tris-HCI buffer at pH 8.6 and 37 uC for 10 min. (a) 0 time incubatio n; (b) 10-min incuba tion; (c) 10-min incubation followed by a no th er 10-min incubation after the addition of 100 IlM NADPH.
ophilized and dissolved in D 2 0 followed by ajustment of the pH of the solution to pH 8.6 using DCl to make finally a 40 mM Tris-DCl solution of 0.5 m\. The resulting solution, which contained the novel compound contaminated with remaining sepiapterin, was analyzed by lH-NMR spectroscopy (Fig. 4) . The spectral data were analyzed by consulting with previous data [or reduced pterins in aqueous solution (15, 24, 25) .
A doublet signal (a) due to the methyl protons at 3' position of sepiapterin appeared at 8 1.39 ppm (1 = 7.26 H z). On the other hand , a singlet (c) at lower range (8 2.05 ppm) was obtained as the signal attributed to the protons at 3' position of the product. This indicated that the product has a methyl group which is adjacent to a carbonyl group (-CO-CH3) since an endiol structure (-COH=COH-) (Fig. 5-c ) may be difficult to achieve in aqueous solution. Similar results were also obta ined in our recent analysis of the product from 6-lactoyl tetrahydropterin (15) . These results support our view that the lactoyl (-CO-CHOH-CH 3 ) side chain of sepiapterin is converted into the 1 '-hydroxy-2'-oxopropyl (-CHOH-CO-CH3) group of the product. 
Isomerization of sepiapterin to C2'-keto compound
The novel compound was detectable amperometrically at 500 m V and was converted into dihydrobiopterin if it was incubated with NADPH and sepiapterin reductase as shown in Figure 3 . Furthermore, 6-1 ' -hydroxy-2' -oxopropyl tetrahydropterin was detected after the novel compound was incubated with dihydrofolate reductase and NADPH . These results indicate that the novel compound is probably the dihydropterin of the C2' -keto isomer of sepiapterin. IH-NMR spectroscopy (Fig. 4) confirmed the C2'-keto structure of its side chain . Accordingly, the novel compound was identified as 6-1 ' -hydroxy-2' -oxopropyl-7,8-dihydropterin. Thus, sepiapterin could also be isomerized by sepia pterin reductase to from C2' -keto isomer ( Fig. 1) as was previously confirmed in the case of 6-lactoyl tetrahydropterin (15) .
The pH optimum of the isomerization of sepiapterin was 8.6 as previously reported for the isomerization of 6-lactoyl tetrahydropterin (15) .
Attribution of isomerase activity to sepiapterin reductase molecule
It is quite uncommon that an enzyme has two activities of an NADPH-oxidoreductase and an isomerase . Activities of reductase and isomerase were measured at 25 cc for t 0 ~I of eluate at pH 6.4 and 8.6, respectivel y. activIty (Fig. 2) . The reductase actIvIty is usually purified to homogeneity from the hemolysate of rat erythrocytes through processes of ammonium sulfate fractionation and successive column chromatographies on hydroxylapatite, Matrex Red A, and Ampholine (8) . Elution patterns of the activities toward sepiapterin of reductase and isomerase from the final Ampholine column were superimposed (Fig. 6) . The ratio between the activities of isomerase and reductase against sepiapterin remained constant during the purification procedures of hydroxylapatite and Ampholine for sepiapterin reductase from rat erythrocytes, or in the final step of purification from rat liver by the same procedure ( Table 1) . This showed that the isomerase activity is attributable to the sepiapterin reductase molecule, not to contamination by some other molecule. Table 1 . Velocity ratio of isomerase acti vity to reductase activity in the fraction of sepia pterin reductase during the purification procedure. Sepiapterin reductase was purified from erythrocytes and liver of rats (male Sprague-Dawley) by the method of Sueoka and Katoh (8) and Ampholine fractions from both sources were homogeneous by SDS-PAGE. Reaction velocities (~mol sepiapterin decreased /min/~l eluate) of activities of isomerase (v ,. pH 8.6) and reductase (vo, pH 6.4) against sepiapterin were assayed at 25°C in the absence and presence of 1 mM NADPH , respectively. 
Spectral changes of sepiapferin by the isomerization
Sepiapterin was incubated with sepiapterin reductase in the absence of NADPH and spectral changes of it were obtained during the incubation (Fig. 7) . After a 60-min incubation, a differential spectrum between the spectra of the solution and the remaining sepiapterin, which was expected from the amount of absorbance at 420 nm of the 60-min spectrum, was obtained as the spectrum of the reaction product. The spectrum at pH 8.6 showed A max of 330 nm ( E = 6.27 X 10 ). This pattern was quite similar to that of 7,8-dihydrobiopterin (6-1' ,2' -dihydroxypropyl-7,8-dihydropterin) (3).
300
Wavelength (nm) Figure 7 . Spectral changes observed during incubation of sepiapterin with sepiapterin reductase. 50 11M Sepiapterin, 125 mU enzyme, and 50 mM Tris-Hel buffer were incubated in a final volume of 1.0 ml at pH 8.6 and 37 cc. Times 0' -60' for absorption spectra refer to total time after starting the incubation. Minus sepiapterin system was assayed as reference. Dotted line indicates a 2-fold expanded pattern of a differential spectrum between that of the 60-min incubation and that of the remaining sepiapterin at 60 min estimated from the value of absorbance at 420 nm at 60 min.
Discussion
Recently we found that sepiapterin reductase purified from rat erythrocytes has isomerase activity against 6-lactoyl tetrahydropterin (15) in addition to its wellknown NADPH-oxidoreductase activity. The enzyme reduces sepiapterin, as well as 6-lactoyl tetrahydropterin, in which reaction a keto group (-CO-) in the lactoyl moiety is reduced to a hydroxyl group (-CHOH) in the presence of NADPH. While in the absence of NADPH, a large amount of this enzyme can isomerize the lactoyl group (-CO-CHOH-CH3) of 6-lactoyl tetrahydropterin into the l ' -hydroxy-2' -oxopropyl group (-CHOH-CO-CH3) at pH 8.6 (15) . In the case of the dihydro-form of 6-lactoyl pterin (e. g. sepiapterin), however, isomerization in the lactoyl group might be expected to be difficult to demonstrate because the C2' -keto structure of the 7,8-dihydro form might be extremely unstable and change back to the C1 ' -keto structure (lactoyl) immediately after the isomerization occurs.
In this experiment, in spite of this expectation, we could actually observe the occurrence of sepiapterin isomerization. The product from sepiapterin was identified as 6-1 ' -hydroxy-2' -oxopropyl 7,8-dihydropterin. This compound was unstable, but not so much as had been expected. It did not change back to sepiapterin, but gradually converted into deoxysepiapterin (6-propyonyl-7,8-dihydropterin), pterin 6-carboxylic acid, and an unidentified fluorescent compound (same retention time to formyl dihydropterin and formylpterin) apparently in the same rate during the experiment at pH 8.6 a fter it was separated from the emzyme. The UV-spectrum of it (Fig. 7) was quite similar to that of 7,8-dihydrobiopterin (6-1 ',2'-dihydroxypropyl-7,8-dihydropterin) (3). This similarity was probably due to the similar structure in C1 ' of the product since this compound was identified to be 6-1 ' -hydroxy-2' -oxopropyl-7 ,8-dihydropterin as described above. However, it is postulated that thi s product structure (ketimine form) interconverts between its enamine form in aqueous solution according to the chemical equilibrium (Fig. 5) . In fact, about 0.3 ppm interval was observed between the signals due to the protons at 3' positions of the product (8 2.05 ppm) (Fig. 4) and the C2' -keto compound of tetrahydropterin (82.34 ppm) (15) .
The finding of isomerization of sepiapterin, besides that of 6-lactoyl tetrahydropterin, to the C2' -keto isomer strongly supports the real existence of isomerase activity in the sepiapterin reductase molecule.
Most recently, we found that the isomerase activity of sepiapterin reductase against 6-lactoyl tetrahydropterin was stimulated by a quite small amount of NADP+ or NADPH (26) . Although the rate of isomerization (at pH 8.6) against reduction (at pH 6.4) of sepiapterin was quite low (less than 1/250) ( Table  1) , isomerization of sepiapterin was also stimulated by a small amount of NADP+ (data are not shown).
The rate of isomerization of sepiapterin was lower than that of 6-lactoyl tetrahydropterin (less than 1/8).
The ratio between them, however, could not exactly be obtained because it was difficult to prepare 6-lactoyl tetrahydropterin completely free from NADP + (15) . Analysis of the isomerase activity of the enzyme against sepiapterin is easier and more accurate than that of 6-lactoyl tetrahydropterin since sepiapterin is available in a purer and stabler state than the tetrahydropterin for the experiment. It may be useful to know exactly the total function of sepiapterin reductase, including its isomerase activity, in the pathway of tetrahydrobiopterin biosynthesis.
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